Design and construction of MuTe: a hybrid Muon Telescope to study
  Colombian Volcanoes by Peña-Rodríguez, J. et al.
Prepared for submission to JINST
Design and construction of MuTe: a hybrid Muon Telescope
to study Colombian Volcanoes
J. Peña-Rodríguez, a,1 J. Pisco-Guabavea D. Sierra-Portab M. Suárez-Duránc M.
Arenas-Flórezd L. M. Pérez-Archilad J. D. Sanabria-Gómeza H. Asoreye, f ,g L. A. Núñez.a,h
aEscuela de Física, Universidad Industrial de Santander, Bucaramanga-Colombia.
bDepartamento de Física, Universidad de Los Andes, Bogotá-Colombia;
cDepartamento de Física y Geología, Universidad de Pamplona, Pamplona-Colombia
dEscuela de Ingeniería Eléctrica, Electrónica y Telecomunicaciones, Universidad Industrial de Santander,
Bucaramanga-Colombia.
eInstituto de Tecnologías en Detección y Astropartículas, Centro Atómico Constituyentes, Comisión Nacional
de Energía Atómica, Buenos Aires-Argentina
fCentro Atómico Bariloche, Comisión Nacional de Energía Atómica, San Carlos de Bariloche-Argentina
gEscuela de Producción, Tecnología y Medio Ambiente, Universidad Nacional de Río Negro, San Carlos de
Bariloche-Argentina
hDepartamento de Física, Universidad de Los Andes, Mérida-Venezuela.
E-mail: jesus.pena@correo.uis.edu.co
Abstract: We present a hybrid Muon Telescope, MuTe, designed and built for imaging active
Colombian volcanoes. TheMuTehas a resolution of tens ofmeters, lowpower consumption, robustness
and transportability making it suitable for using in difficult access zones where active volcanoes usually
are. The main feature of MuTe is the implementation of a hybrid detection technique combining two
scintillation panels for particle tracking and a Water Cherenkov Detector for filtering background
signals due to the electromagnetic component of extended air showers and multiple particle events.
MuTe incorporates particle-identification techniques for reducing the background noise sources and a
discrimination of fake events by a picosecond Time-of-Flight system. We also describe the mechanical
behavior of the MuTe during typical tremors and wind conditions at the observation place, as well as
the frontend electronics design and power consumption.
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1 Introduction
Muography or muon radiography is a non-invasive technology whose primary purpose is to obtain
digital images from the density contrasts due to the different inner structures of objects by analyzing
the atmospheric muon flux transmitted through them [1–3]. Nowadays there are several emerging
academic and commercial applications such as the detection of hidden materials in containers [4],
archaeological building scanning [5, 6], nuclear plant inspection [7], nuclear waste monitoring, under-
ground cavities [8], the overburden of railway tunnels [9] and vulcanology applications (see, e.g., [10]
and references therein). In Colombia, there are more than a dozen active volcanoes representing
significant risks to the nearby population [11–13]. This motivated local research groups to explore
possible applications of the muography technique [14–19].
Muons are elementary particles, two hundred times heavier than electrons and with a lifetime
of approximately 2.2 µs. They are produced by the interaction of particles reaching the Earth’s
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atmosphere from galactic and extragalactic sources. These extraterrestrial impinging particles – called
cosmic rays– generate showers of secondary particles with a significant presence of muons, produced
by decaying charged pions and kaons. The energy spectrum of muons at sea level has a maximum at
around 4 GeV with a flux of ∼ 1 cm−2 min−1 [20].
Despite a great deal of work in these areas, some particular problems exist and are still being
addressed today:
• The low muon flux across the scanned object due to: (a) the muon flux diminishes with higher
zenith angles; and (b) the flux is reduced (∼two orders) in crossing a 1 km path-length of standard
rock [21, 22].
• The background produced by charged particles: upward charged particles [23], Extensive Air
Showers (EAS) [24–28], and scattered low momentum muons (< 1 GeV/c) [29–33]. These
particles cause an overestimation of muon flux with a corresponding underestimation of the
density distribution inside the volcano [29, 34].
The Colombian Muon Telescope [14, 15] is a hybrid instrument suitable for different geophysical
scenarios. MuTe employs a hodoscope manufactured of plastic scintillator bars to determine the
direction of particles impinging the detector. Additionally, MuTe incorporates particle-identification
techniques for reducing the background noise sources[3, 19]. A Water Cherenkov Detector (WCD)
measures the energy loss of charged particles filtering the noise due to the soft-component of EAS
(electrons and positrons), and of particles arriving simultaneously. Discrimination of fake events due
to scattered and backwards muons is addressed using a picosecond Time-of-Flight system.
In this paper, we report the main features of the Colombian muon telescope, which considers the
signal-to-noise problems mentioned above. In section 2 we present the MuTe features, while section
3 describes the mechanical response of MuTe to environmental field conditions. Section 4 examines
the data acquisition system, trigger mechanism and power consumption of MuTe; while in section 5,
we present the first MuTe flux data, with an estimation of the background obtained with the WCD.
Finally, in section 6 conclusions and final remarks are presented.
2 The hybrid detector
In this section, we present the most significant characteristics of our muon telescope, MuTe: the
event tracking and the signal-to-background discrimination. Our hybrid instrument consists of two
independent detectors: a scintillator hodoscope and a WCD. A similar hybrid measurement technique
has been previously implemented in the Pierre Auger Observatory to study the composition of primary
cosmic rays [35, 36].
2.1 Scintillator hodoscope: the tracking device
The MuTe hodoscope consists of two detection panels, each with 60 scintillator bars, separated from
each other by a configurable distance, which is typically ∼ 250 cm. Each plastic scintillator strip
is made of a polystyrene base of Styron 665-W doped with 1% of 2.5-diphenyloxazole (PPO) and
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0.03% of 1.4-bis-[2-(5-phenyloxazolyl)]-benzene (POPOP), co-extruded with a 0.25 mm thick high
reflectivity coating of TiO2 [37].
A 1.2 mm diameter wavelength shifting fiber (Saint-Gobain BCF-92) is placed inside a co-
extruded hole (1.8mm diameter) in the scintillator strip. The fibre has a core refraction index of 1.42,
an absorption peak at 410 nm, and an emission peak at 492 nm. It captures the photons produced
by the impinging charged particles and carries them to a Hamamatsu (S13360-1350CS) Silicon
Photomultiplier (SiPM). The WLS fibre is attached to the SiPM sensitive area using a mechanical
coupling (See figure 1).
The scintillator panels are build up as an array consisting each of 30 horizontal (X) and 30 vertical
(Y) bars, each comprising 900 pixels of 16 cm2 active area. The two X and Y scintillator layers are
mounted inside a 0.9mm thick stainless steel box, with the SiPM electronics, the temperature/pressure
sensors (HP03), and the coaxial cables for signal transmission. A second steel housing encloses the
electronics readout, the ToF system, and the power supply, keeping all the components insulated and
protected from environmental conditions.
The hodoscope reconstructs the arrival direction of muons by taking into account the pair of pixels
activated in each panel. The total aperture angle and the angular resolution of the telescope varies
by changing the distance between the scintillator panels. The distance between the detector and the
volcanic structure as well as the separation of the panels define the spatial resolution of this telescope
as
∆x = L × ∆θ = L × arctan 2dD
D2 + 4d2i(i + 1), (2.1)
where ∆θ is the angular resolution, L is the distance to the target, D is the separation between the
panels, d is pixel width, and i represents the ith illuminated pixel. For instance, for inter-panel distances
of 150 cm, 200 cm and 250 cm, the total angular aperture is 1.3 rad, 1.1 rad and 0.9 rad giving angular
resolutions of 53 mrad, 40 mrad and 32 mrad, respectively. Taking into account a distance to the
volcano of 900 m, from the previous angular resolutions we obtain spatial resolutions of 48 m, 36 m
and 28 m respectively.
The multiple scattering of muons in the rock and the air worsens the effective spatial resolution of
the telescope. The maximum scattering angle estimated is ∼ 1.5◦ taking into account the minimum
energy needed by muons to cross standard rock path-lengths between 10m and 1000m. Nevertheless,
muons must have extra energy to reach the detector after leaving the scanned object. Those emerging
from the scanned object with an energy > 1 GeV have a scattering angle ∼ 1◦ [38], generating a
blurring of ∼ 31.4 m for L = 900 m. The exposure time of MuTe to achieve a sensible contrast is
∼100 days [14].
2.2 Telescope acceptance
The acceptance of the instrument affects the measured particle flux depending on the telescope’s
geometric parameters: number of pixels in the panel (Nx × Ny), pixel size (d) and inter-panel distance
(D). The number of detected muons N(%) [39], can be defined as
N(%) = ∆T × T × I(%), (2.2)
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Figure 1. Mounting and coupling details for one detection panel. (Left) Mechanical assembly of the scintillator
bar, the Saint-Gobain BCF-92 WLS fiber and the Hamamatsu S13360-1350CS SiPM. (Right) Scintillator panel
with the SiPM electronics front-end and signal transmission cables (coaxial RG-174U).
where I(%) is the integrated flux (measured in cm−2 sr−1 s−1), T the acceptance function (measured
in cm2 sr), and ∆T the recording time. The integrated flux depends on the opacity (%): the amount of
matter crossed by the muons.
Figure 2. Angular resolution (left), and acceptance function (right) for theMuTe hodoscope with Nx = Ny = 30,
d = 4 cm and D = 250 cm versus incoming direction. The maximum solid angle is 1.024 × 10−3 sr for
perpendicular trajectories where the acceptance rises up to 3.69 cm2 sr.
For a particular trajectory rm,n displayed by a pair of illuminated pixels on both panels, one can
calculate the solid angle δΩ(rm,n) and the detection area S(rm,n). All pairs of pixels with the same
relative position,m = i−k, n = j− l, share the same direction, rm,n and the same δΩ(rm,n). This means
directions normal to the hodoscope plane, have the larger detection area, while directions crossing
corner-to-corner have a smaller solid angle and detection surface. The acceptance is obtained [39]
multiplying the detection area by the angular resolution,
T(rm,n) = S(rm,n) × δΩ(rm,n). (2.3)
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A hodoscope with twomatrices of Nx×Ny pixels has (2Nx−1)×(2Ny−1) discrete directions rm,n,
spanning an solid angleΩ. Our telescope equipped with 900 pixels in each panel is able to reconstruct
3481 discrete directions. In figure 2, we show the angular resolution and acceptance function for the
Mute hodoscope with Nx = Ny = 30 scintillator bars, pixel size (d = 4 cm) and D = 250 cm. The
total angular aperture of the telescope with that configuration is roughly 50◦(0.9 rad) with a maximum
solid angle of 1.024 × 10−3 sr at r0,0 corresponding to the largest acceptance of ≈ 3.69 cm2 sr.
The MuTe acceptance may be compared with other muon telescopes mentioned in the literature:
a) Nx = Ny = 12, d = 7 cm and D = 100 cm; with an acceptance T = 30 cm2 sr and angular resolution
< 0.018 sr [40]. b) Nx = Ny = 16, d = 5 cm and D = 80 cm; with a acceptance T = 25 cm2 sr and
angular resolution < 0.015 sr [39].
2.3 Time-of-Flight: momentum measurement
Time-of-Flight methods have been applied in muography to distinguish backward moving particles
from the incident ones [23]. Particles entering from the rear side of the detector represent roughly
44% of background noise for zenith angles above 81◦ [29].
MuTe performs ToF measurements for identifying backward particles as well as low momentum
(< 1 GeV/c) muons which are scattered by the volcano contributing to the background noise. The
MuTe ToF system was implemented on a Field Programming Gate Array (FPGA) employing a Time-
to-Digital Converter, which measures the time-lapse of the crossing particles between the front and
rear panel with a time resolution of ∼ 40 ps.
Taking into account the ToF t of particles crossing the hodoscope in a given trajectory d, and the
particle identification provided by the WCD (distinguishing muons from electron/positrons) we can
estimate particle momentum as follows
p =
m0cd√
c2t2 − d2
, (2.4)
where m0 is the rest mass of the charged particle (105.65 MeV/c2 for muons and 0.51 MeV/c2 for
electrons/positrons) and c the speed of light.
The uncertainty in the momentum estimation depends on the error of the ToF measurement and
the error of the trajectory length, as
σ2p =
(
∂p
∂t
)2
+
(
∂p
∂d
)2
(2.5)
Measuring the momentum allows us to set a threshold of 1 GeV/c, above which the influence
of noise due to soft muons is negligible [24, 28, 29, 31, 33]. In order to establish such a cutoff,
we calculate the ToF resolution requirements, which depends on the momentum resolution we want
to obtain. For perpendicular tracks to the hodoscope plane, we need a ToF resolution of 10 ps to
differentiate muons with momentum > 1GeV/c with an error of ± 0.1GeV/c. With the actual ∼ 40 ps
resolution we can differentiate muons under 0.6 ± 0.1 GeV/c.
We compensate the ToF measurements for the signal delay depending on the length of the
transmission lines and the impinging point of the particle in the scintillator panels. We found the
signal is delayed 5.05 ns/m in the transmission lines and 77 ps/cm in the scintillator bars.
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2.4 Water Cherenkov Detector: deposited energy measurement
WaterCherenkovDetectors, widely used in cosmic-ray observatories, have high acceptance, reasonable
efficiency, and ∼ 100% duty cycle. These devices, implemented with few cubic meters of water and
with one or more photomultiplier tubes (PMTs), record the Cherenkov radiation produced by charged
crossing particles moving with a velocity greater than the speed of light in water. They are sensitive
to the muonic and electromagnetic component of air showers [41], and also detect –indirectly– high
energy photons by pair production (γ → e±) [42–44].
The MuTe’s WCD is a 3.2 mm thick stainless steel cube of 1.2 m sides, coated inside with
Tyvek diffuser sheets, which enhance the reflectivity for the Cherenkov photons. An eight inch PMT
(Hamamatsu R5912) with a quantum efficiency of 22% at 390 nm– acts as the photosensitive device.
The number of photons detected by the PMT can be associated with the energy deposited by the
crossing particle, allowing us to differentiate between muons and the electromagnetic component of
EAS (photons, electrons, and positrons) [45]. The EM component is one of the most important noise
sources in muography [26, 46, 47]. At ground level, the most probable muons (∼ 4 GeV) can traverse
the whole WCD losing up to 240MeV (2MeV/cm along 120 cm) for perpendicular trajectories; while
the most probable electrons (∼ 20MeV) stop in 10 cm of water losing 2MeV/cm [21, 22, 48–51].
The WCD detects charged particles coming from all directions due to its 2pi acceptance with a
deposited energy resolution of ∼ 0.72MeV and a measuring range from 50MeV (which is the typical
electronic noise) up to ∼ 1.5 GeV (which is the largest value that does not saturate the electronics
readout).This property allows the MuTe to monitor the local variations of the secondary particle flux
over time [52] and also, to distinguish particles coming from the volcano direction by coincidence
with the hodoscope trigger.
3 Mechanical response
3.1 Structural design
As shown in figure 3, the hodoscope, the WCD, the electronic readout, and the central monitoring
server are all mounted on a sturdy metallic structure. The frame consists of a 4.2 m × 2.8 m × 1.8 m
parallelepiped-shaped structure constructed of steel angles ASTM A-36 of 3.2 mm thickness and
mechanically attached with screws (0.5 inch diameter). The telescope can be raised up to 15◦ with
respect to the horizontal.
It is necessary to study the MuTe’s mechanical behaviour in the volcanic environment. In the
following section, we analyze the stress load and the vibration of the instrument, by taking into account
it’s structural design as well as the mechanical stresses due to tremors and wind conditions. Such
simulations, using Finite Element Analysis (FEA), predict the physical behaviour of the instrument
with linear/non-linear, and static/dynamic analysis capabilities. We employed the Solidworks 3D
CAD Modeling Software with the package Solidworks Simulation for the structural analysis.
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electronics box
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Water Cherenkov
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Figure 3. MuTe lateral view. The WCD, placed on the centre of mass of the structure, benefits the angular
elevation (maximum 15◦, in 3◦ steps). The inter-panel distance can vary from 40 cm up to 250 cm. The
electronics front-end boxes and the PMT housing are isolated from rain and humidity.
3.2 Vibration analysis and tremor response
We calculated the natural frequencies and vibration patterns of the instrument under the external
influences of wind sources and typical volcano seismic activity which could affect the integrity of the
telescope.
Volcanic tremors and internal movements can be distinguished[53–56]:
• volcano-tectonic earthquakes associated with fracturing that occur in response to stress changes
in the active areas due to fluid movements with frequency peaks between 2 and 15 Hz.
• long period tremors with frequencies of 1 to 2 Hz, attributed to pressure changes in cracks,
cavities and ducts.
As can be seen in table 1, the instrument undergoes negligible mechanical affectation due to
displacements caused by tremors or other manifestations, inherent to volcanic environments having a
frequency range from 1.6 Hz to 7.5 Hz. The structure’s reaction (vibration frequencies not exceeding
0.04 Hz) guarantees its structural integrity against seismic events triggered by volcanic activity.
3.3 Static and wind load
The aim of the static load analysis is to simulate the behaviour of the instrument against deformations
that may lead to structure failure.
The MuTe structure is mostly ASTM A-36 steel. The possible primary loads for the structure
arise from two sources: the water volume inside the WCD (∼ 1728 Kg) and the metal frames for
the scintillator panels (∼ 70 Kg each). The simulation mesh was 2.6 × 106 finite elements with
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Frequency Max. vibration
Mode (Hertz) (Hertz)
1 1.6 0.01272
2 5.0149 0.0113
3 5.6445 0.0303
4 7.5633 0.0361
5 7.5702 0.0166
Table 1. Vibration analysis of the instrument. The first column indicates the natural frequencies of the MuTe
structure., while the second one shows the maximum vibration reaction when the structure is under resonance.
15± 5 mm size. Figure 4 (left) displays the simulation results with displacements ranging from 0 mm
up to 3.29 mm with the maximum peak stress under the WCD. However, such deformations do not
represent any considerable mechanical problem for the instrument.
Figure 4. Left and right plates illustrate the stress graph resulting from the static and dynamic –wind action–
load analysis, respectively. The maximum material deflection is about 3.29 mm in the rear part of the WCD,
which is under high pressure due to the water weight. The maximum wind pressure occurs in the front of the
scintillator panels suffering a mechanical displacement about 1.63 mm. To determine dynamical wind loads on
the instrument, we used meteorological data from IDEAM. The maximum wind speed reported is 30 m/s, with
an occurrence probability of 4%
To determine dynamical wind loads on the instrument, we use meteorological data from IDEAM
and the maximum wind speed reported is 30 m/s, with an occurrence probability of 4%. The right
panel in figure 4 illustrates the structure stress due to wind load. The mechanical structure suffers
displacements up to 1.63 mm in the frontal part of the scintillator panel. However, this displacement
is negligible, and the instrument will not experience significant deformations.
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DETECTORMATERIALS HEAD SOURCES DATA
Structure Material: AISI 1020 Sky temperature -10 ◦C
Model type: Linear elastic isotropic Electronic box WCD 5.2 W
Thermal conductivity: 47 W/(m K) Gen. electronic box 12.5 W
Specific heat: 420 J/(kg K) Electronic box Scint. 12.3 W
Density: 7900 kg/m3 Sun radiation 4500 Wh m−2 day−1
Cherenkov medium: Water Convection coeficient 10 W/(m2 K)
Model type: Linear elastic isotropic Mean enviroment temp. 16 ◦C
Thermal conductivity: 0.61 W/(m K) Base water temperature 10 ◦C
Specific heat: 4200 J/(kg K)
Density: 1000 kg/m3
Table 2. Instrument materials and data used in the MuTe thermal analysis implemented by using the heat
module of Solidworks Modeling Software. The simulation input consists of the heat transfer properties of
the MuTe metallic structure, as well as, the heat sources surrounding the instrument which have environmental
origin or caused by the electronics functioning.
3.4 Heat dissipation in the structure
We simulated the temperature distribution based on the thermal inputs (heat loads) and outputs
(heat losses) by considering the conduction, convection and thermal irradiation due to the detector
environment. Such processes include environmental temperature, solar radiation, wind cooling, and
the heat dissipated by the electronics.
This thermal analysis allowed us to understand the heat transfer along the structure and how it
may affect the detector components. Instrument safety and reliability in the field is an essential factor
to consider since the characteristics of many components (SiPMs, scintillation bars, etc.) depend on
temperature.
We performed the thermal structure analysis using the heat module of Solidworks Modeling
Software with the parameters shown in Table 2. Again, IDEAM provided the average temperature,
radiation and wind speed on the observation place.
In figure 5 we see that the areas of maximum temperature in the detector, reaching ∼ 60◦C, at the
centre of the scintillation panels where the solar radiation heats a large surface, and an average of 23◦C
in the remaining structure. The WCD is a good heat dissipator due to its large metallic area and water
content (∼ 1.7m3) attaining a maximum temperature of 40◦C; while the front side of both panels have
a lower temperature than the rear side since the wind flow generates a cooling process by convection.
The temperature distribution allows us to identify the critical heat areas in the detector structure.
Consequently, we can enhance heat dissipation, by shading the instrument from solar radiation as well
as allowing air circulation for cooling by convection.
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Figure 5. Temperature distribution in the MuTe. The maximum heat area (60◦C) is on the rear side of the
scintillator panels due to the solar radiation, while the front sides are cooled by the wind convection. The WCD
has its heat-dissipation mechanism due to its water volume content.
4 Electronics readout
The MuTe electronics has two main –independent but synchronized– readout systems: one for the
hodoscope and one for the WCD.
SiPMs
Temp.
Power supply
MAROC3A
Rasp. Pi
Trig. split
GPS
Trigger
Master
Bi
as
Signal
Ethernet
Trigger P1-P2
Trigger P2-P1
OR Trigger
I/V H
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Ext Trigger
Busy
Int
PPS
Temperature
Date
Trigger P1
Panel DAQ
NIM Trigger
Figure 6. Diagram of a single scintillator panel. Signals from the SiPMs are read out by the MAROC3 board
whose slow control parameters are handled by a Raspberry Pi 2. All the detected events are time-stamped and
sent via ethernet to the central monitoring server. The master trigger measures the ToF of the crossing particle
and notifies the event truthfulness.
In the hodoscope, 120 SiPMs Hamamatsu S13360-1350CS, with a gain of ∼ 106 and a photo-
detection efficiency of 40% at 450 nm– detect the light signals coming from the scintillator bars. Each
SiPM has a pre-conditioning electronics for amplifying (×92) and enhancing the signal-to-noise ratio
before the transmission.
A multi-channel ASIC MAROC3 from Omega discriminates the 60 signals after making a gain
adjustment to reduce the bar response variability. An FPGA Cyclone III sets the MAROC3 slow
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control parameters (channel gains and discrimination thresholds) from Altera. We set a discrimination
threshold of 8 photo-electrons taking into account previous analysis of dark count, cross-talk and
after-pulse of the SiPM S13360-1350CS [57].
The SCB Raspberry Pi 2 records the data from the scintillation panels when a coincidence con-
dition is fulfilled (See section 4.1). Environmental data (temperature, barometric pressure, and power
consumption) are also recorded for post-processing, status monitoring, and calibration procedures.
On the other hand, the SBC controls the SiPMs bias voltage depending on the temperature via the
programmable power supply C11204. The recorded events are individually time-stamped with a
resolution of 10 ns and synchronized using the PPS (Pulse Per Second) signal from a Venus GPS. A
general diagram of the electronics readout for a single scintillator panel is shown in figure 6.
PMT
Power supply
ADC
ADC
ADC
FPGA
GPS
T/P
SBC HD
NIM Trigger
WCD
DAQ
Dynode
Anode
Bi
as
da
ta
Ethernet
Ch3
Ch2
Ch1
Vctrl
Figure 7. The diagram of the WCD DAQ system. The PMT and the bias electronics are inside the WCD. A 10
bits ADC digitizes signals from the PMT anode and last-dynode and stored in a hard disk join with temperature
and barometric pressure data. An FPGA sets the acquisition parameters and the event time-stamp
In the WCD, a PMT R5912 detects the Cherenkov light from the charged particles crossing the
water volume. The PMT is biased through a tapered resistive chain by a high-voltage power supply
EMCO C20 spanning 0 to 2000 V. The pulses from the anode and the last dynode –amplified 20
times– are independently digitized by two 10 bits ADCs with a sampling frequency of 40 MHz.
A 12−sample vector stores the pulse shape in each channel, when the signal amplitude exceeds the
discrimination threshold (∼ 100ADC bins). Then, a temporal label with 25 ns resolution concatenates
the event information. The timestamp is synchronized with the PPS signal from a GPS Motorola
OnCore. Temperature and barometric pressure data are also recorded for the off-line analysis and
data correction. An FPGA Nexys II handles the tasks of thresholding, base-line correction, temporal
labelling, and temperature-pressure recording.
A third ADC channel digitizes a NIM signal coming from the hodoscope when an in-coincidence
event occurs (See 4.1). The acquisition parameters of the WCD DAQ system (shown in figure 7 with
discrimination thresholds and the PMT bias voltage) are set by an SCB Cubieboard 2. All the data is
stored locally on an external hard disk.
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A local server collects data from the WCD and the hodoscope every 12 hours for carrying out an
in-situ analysis. The results are sent via the GSM network to a remote server, which updates the MuTe
status on a monitoring web page.
An intranet system connects the local server, the hodoscope, and the WCD, as shown in figure 8.
Additionally, the MuTe enables a wireless access point for working locally from a laptop or any other
mobile device.
4.1 Triggering system
The MuTe triggering system determines event coincidence between the hodoscope and the WCD [19].
The Trigger T1 is individually enabled for rear and front hodoscope panels when the pulse amplitude
exceeds the discrimination threshold value. This trigger signal splits into three sublevels: the Trigger
P1-P2 for cross-checking events in-coincidence and ToF measurements, the Trigger P1 for starting the
data transmission from the MAROC 3A to the SCB, and the Ext-Trigger for holding the information
inside the MAROC 3A while it is read.
To identify the position of the activated pixel, MuTe counts only the events activating a vertical
and a horizontal bar per panel, called trigger T2. Coincident events between the front and the rear panel
in a time window (7 to 12 ns) classify as crossing particles, determine the trigger T3, and estimate the
particle flux across the hodoscope. The coincidence window takes into account the time needed by a
particle travelling at the speed of light through two paths: the shortest (2.5m) and the longest (3.5m).
When the WCD detects a particle, the trigger T4 is activated. Next, trigger T5 determines
coincidence of the events between the hodoscope and the WCD; this trigger is also called hybrid
trigger (T5 = T3AND T4). The NIM Trigger signal is digitized by the third ADC channel of the WCD
for labelling the events in-coincidence with the hodoscope. All the time delays due to the transmission
of the signals are considered for data analysis.
4.2 Power consumption and operating autonomy
Electrical power independence is a crucial parameter for our MuTe detector because it has to operate
autonomously on a distant location. We designed a photovoltaic system taking into account the power
requirement of all detector components. MuTe power supply has four photovoltaic panels of 100W
(18 V, 5.56 A). This panel array provides the instrument with six days of continuous operation, which
is the maximum number of consecutive cloudy days that occurred in the last 22 years1.
Appendix A details the estimation of the power capacity and autonomy of the Colombian Muon
Telescope and figure 8 displays the power consumption data: ∼ 24W for the hodoscope, ∼ 5.2W for
the WCD and ∼ 12.2 W for the central monitoring server. The two hard disks –used to store 470 MB
per hour of data from the hodoscope and the WCD– are the devices with greater power consumption,
but they provide almost six months of data-storage autonomy.
1We use meteorological information (irradiance, temperature, and cloudiness) from NASA satellites https://eosweb.
larc.nasa.gov/ and from the Colombia Meteorology and Hydrology National Institute, i.e. in Spanish Instituto de
HidrologÃŋa, MeteorologÃŋa y Estudios Ambientales (IDEAM) http://atlas.ideam.gov.co
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Figure 8. General diagram of MuTe. The local server manages the data coming from the hodoscope and the
WCD by intranet while a hard disk stores all the obtained information. Then, MuTe sends its operational status
via GSM towards a remote server, and a WiFi connection link for local testing. The whole detector consumes
41.4W being the local server the major power load, dissipating (∼ 12W) due to the operation of the hard disk,
the intranet router, and the GSM transceiver.
5 First measurements
In the first measurements, the MuTe hodoscope was operated in the vertical direction recording the
muon flux during 15 hours. The average counting rate was ∼ 836.3 event/h with a discrimination
threshold of 8 photo-electrons (MIP ∼ 16 pe). The inter-panel distance was 134 cm, the angular
aperture 82◦ and the maximum acceptance of 12.83 cm2 sr. To reconstruct the particle trajectories
and the flux crossing through the hodoscope, we apply a four-bar activation condition: a pair XY in
the front panel and a pair XY in the rear one.
In figure 9, we display the number of hits and the particle flux recorded by the hodoscope. The
maximum count was ∼ 67 for straight trajectories (θx = θy = 0◦). The number of counts decreases for
non-perpendicular trajectories due to the hodoscope acceptance and the muon flux, which is modulated
by the zenith angle (cos2 θ). The estimated flux reaches a maximum of 10.7 × 10−3 cm−2sr−1s−1
which is comparable with the flux of 9 × 10−3 cm−2 sr−1 s−1, reported in reference [58] . The variance
in the flux histogram can be reduced by increasing the acquisition time.
Later, the MuTe was set outdoors pointing in the horizontal direction (0◦ elevation) as shown
in figure 10. The WCD and the hodoscope each detect individually but synchronized in time. The
in-coincidence flux between both is two orders of magnitude lower than the events recorded by the
WCD (see figure 11) representing only 2%. This reduction in flux is due, mainly, to: a two order
of magnitude decrease in the muon flux between the maximum at 0Âř zenith and at quasi-horizontal
angles; and, furthermore, the angular acceptance of theWCD is roughly 2pi while that of the hodoscope
is only a fraction due to its geometry.
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Figure 9. Particle count data recorded by the hodoscope operating in the vertical direction during 15 hours with
a separation of 134 cm between panels. The vertical flux was∼ 10.7 × 10−3 cm−2 sr−1 s−1. As expected, the flux
decreases while the zenith angle increases: for a zenith angle of 41◦ the flux is around 4.5 × 10−3 cm−2 sr−1 s−1,
a half order of magnitude lower than the flux maximum.
Horizont
Figure 10. The MuTe setup for the first field measurements. The detector is pointing towards the horizon with
an elevation angle of 0◦. The aperture of the hodoscope θH is 50◦ for a separation distance between panels of
250 cm. The aperture of the whole detector (WCD + hodoscope) θC is roughly 32◦.
The energy deposited in theWCD (blue) and for the in-coincidence events between bothWCD and
hodoscope figure 11, emerge from three main sources: muons, electron/positrons and multiple particle
events. Themuonic component represents roughly33.6%of the events (180MeV< Eloss < 400MeV),
the electromagnetic 36% (Eloss < 180 MeV), and the multiple particle 30.4% (Eloss > 400 MeV)
of the histogram.
These results show that the background (electromagnetic and multiple particles) is comparable to
the signal, even greater taking into account that soft muons have not been extracted from the muonic
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Figure 11. Energy deposited in theWCD for the omnidirectional events (blue) and for the in-coincidence events
between both WCD and the hodoscope (red). The dashed line represents the deposited energy of the vertical
muons (VEM) which is estimated to be 240MeV taking into account muon losses (∼ 2MeV/cm in water). The
first hump corresponds to the energy deposited by electrons, positrons and gammas while above 400MeV events
correspond to multiple particles.
component. On the other hand, multiple particle background made up by several particles tempo-
rally correlated, e.g. inclined cosmic showers impacting the detector [59], become more significant
comparable in magnitude to the electromagnetic and muonic humps.
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Figure 12. In-coincidence event rate detected by the front (blue), rear (green) and the WCD (red). The WCD
rate is 50% lower than the detected by the panels due to due to its smaller acceptance angle than that of the
hodoscope. The dashed line indicates the expected WCD rate taking into account the ratio between the angular
apertures θH and θC .
The aperture angle of the hodoscope θH at an inter-panel distance of 2.5 m is around 50◦, and
the aperture of the whole detector (WCD + hodoscope) θC is roughly 32◦. This means that several
trajectories with high inclination angle will not be detected by the WCD, identifying only ∼ 62% of
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the hodoscope events. In figure 12, we show the coincidence rate detected by the hodoscope planes
and the WCD during 14 hours. The mean rate for the panels is around 3.2 events/s and for the WCD
we have just 1.5 events/s, which is ≈ 50% the rate of the hodoscope and it is lower than expected
(∼ 2 events/s) due to the detection efficiency.
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Figure 13. Preliminary ToF measurements. The left side shows the ToF of single crossing particles (blue)
and the time difference of particles impinging individually each panel (red). The right side shows the ToF
distribution (mean ∼9.3 ns) for single crossing particles.
In figure 13, we present preliminary results of ToF measurements. The left plate shows the ToF of
single particles crossing the hodoscope (blue) and the time difference between two particles impinging
individually each panel (red). The probability that two particles impinge individually each hodoscope
panel creating a ToF signal like a single particle is negligible (∼ 0.05%) under 200 ns. The right
side shows ToF details for single particles. The mean ToF (∼ 9.3 ns) coincides with the expected
range (8.3-11.6 ns) whose limits were defined as the ToF of a relativistic particle crossing the shortest
(2.5 m) and the largest (3.5 m) hodoscope path. The signal delay in the scintillator bars enlarges the
ToF measured range (2.53-20.9 ns).
6 Some final remarks
In this paper, we presented the structural –mechanical and thermal– simulations and the first calibration
measurements of a hybrid muon telescope (scintillator hodoscope + WCD) designed to implement
muography in the volcanoes of the Colombian Andes. Our instrument includes a hodoscope made by
a pair of detection panels of plastic scintillator bars with an angular resolution of 32mrad for an inter-
panel distance of 250 cm. Furthermore, our design also incorporates particle identification techniques
to filter the most common background noise sources in muography. A water Cherenkov detector
allows to reduce noise signals coming from the soft-component of EAS (electrons and positrons), and
multiple particle events using energy loss estimation. TheWCD also detects fluctuations in the cosmic
ray background at the observation place. Additionally, a picosecond Time-of-Flight system measures
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the direction and momentum of incident charged particles allowing the removal of backward and low
momentum scattered muons. We estimate that MuTe can discriminate muons below 0.6 ± 0.1 GeV/c
taking into account the 40 ps ToF resolution.
The background noise due to the electromagnetic component of EAS was estimated to be 36%
of the collected data, while events corresponding to backward, forward and low momentum muons
are ∼ 33.6%. As displayed in figure 11, the estimated multiple particle background was 30.4% and
the two-particle cases are the most probable in comparison with events involving several simultaneous
particles. Such events release an average energy of 480MeV in the WCD.
The integrated flux recorded by the hodoscope pointing at 90◦ with an aperture of 82◦ drops
drastically about two orders of magnitude compared to the total flux registered by the WCD at the
observation point. Such flux reduction allows the multiple particle background to become more
significant, decreasing the detector signal-to-background ratio.
After a complete analysis of the MuTe mechanical response corresponding to vibrations and
tremors ranging from 1.6 Hz to 7.5 Hz, we found that MuTe structure would not undergo severe
affectation.
On the other hand, through the thermal simulations, we obtained that the maximum temperature
in the hodoscope under the extreme Machín volcano environmental conditions was 60◦C at the rear
side of the scintillation panels. An average wind speed of 30m/s generates a convection process in the
front side of the panels, causing a temperature drop to 23◦C. The WCD temperature, regulated by its
water content, reaches at most 40◦C. This thermal analysis was considered for optimizing the SiPM
operation [60].
The angular resolution of MuTe (32 mrad) is similar to other experiments such as TOMUVOL
(8.7 mrad) [61], MU-RAY (15 mrad) [62], MURAVES (8 mrad) [63], and DIAPHANE (100 mrad)
[58]. Moreover, for the filtering of backwards muons, our ToF system has a better resolution (∼ 40 ps)
compared to MURAVES (400 ps) and DIAPHANE (1 ns) [23]. Our instrument incorporates particle
identification techniques based on energy loss andmomentummeasurements to remove the background
noise caused by low momentum muons, multiple particle events and electron/positrons.
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A Estimation of MuTe power storage capacity
The storage capacity required by the system in a day (CA) is calculated using the modified Roger
equation (A.1) [64], i.e.
Ca =
Ec(1 + Fs)
ηpb ηcdb ηrc ηpc Db
, (A.1)
where Ec is the load energy considering DC/DC converters, Fs the scaling factor, ηpb the efficiency
of conductors, ηcdb the efficiency of batteries, ηrc the battery charge and discharge efficiency, ηpc
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the charge controller efficiency, and Db corresponds to the battery depth of discharge. Ec defined as
follows
Ec = Ex +
Eγ
ηdcdc
, (A.2)
where Ex is the load energy which does not require DC/DC converters, Eγ the load energy requiring
DC/DC converters and, ηdcdc the efficiency of theDC/DC converters. From (A.2)with Ex = 58.57Wh
and Eγ = 746.24Wh, we have Ec = 844.08Wh.
Thus, by using ηpb = 0.97, ηcdb = 0.95, ηrc = 0.95, ηpc = 0.98, Db = 0.8 and Fs = 0.2 (20%
oversizing), we obtained the value of Ca = 1472.75 Wh, while the total storage capacity with which
the system will count can be obtained by means of
Cat =
CaDa
Vnb
, (A.3)
here Da is the total number of autonomy days and Vnb, is the nominal voltage of the battery bank.
In this case, we set six days of autonomy with a nominal voltage of 12 V, resulting in a total storage
capacity ofCat = 736.38Ah. According to the criteria and environmental conditions presented above,
we found the need for four batteries of 205 Ah with a weight of 65 Kg per battery and a discharge
depth of 80%.
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